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ABSTRACT 

We compare and analyze the Spitzer mid-infrared spectrum of three fullerene-rich planetary nebulae 
in the Milky Way and the Magellanic Clouds; Tel, SMP SMC 16, and SMP LMC 56. The three 
planetary nebulae share many spectroscopic similarities. The strongest circumstcllar emission bands 
correspond to the infrared active vibrational modes of the fullcrcnc species Ceo and little or no emission 
is present from Polycyclic Aromatic Hydrocarbons (PAHs). The strength of the fullerene bands in 
the three planetary nebulae is very similar, while the ratio of the [Ne III] 15.5 /jm/ [Ne II] 12.8 /im fine 
structure lines, an indicator of the strength of the radiation field, is markedly different. This raises 
questions about their excitation mechanism and we compare the fullerene emission to fluorescent 
and thermal models. In addition, the spectra show other interesting and common features, most 
notably in the 6-9 /an region, where a broad plateau with substructure dominates the emission. These 
features have previously been associated with mixtures of aromatic/aliphatic hydrocarbon solids. We 
hypothesize on the origin of this band, which is likely related to the fullerene formation mechanism, 
and compare it with modeled Hydrogenated Amorphous Carbon that present emission in this region. 
Subject headings: circumstellar matter — infrared: general — ISM: molecules — ISM: lines and bands 
— planetary nebulae: general — stars: AGB and post-AGB 



1. INTRODUCTION 

The Ceo molecule, buckminstcrfullcrcnc, was discov- 
ered in laboratory experiments aimed at understanding 
the formation of long carbon chains in the circumstel- 
lar environment of carbon stars and their sur vival in the 
interstellar medium (ISM. iKroto et ail [19 85V In these 
experiments, graphite was vaporized in a hydrogen-poor 
atmosphere using helium as a buffer gas, resulting in clus- 
ters of carbonaceous particles of different sizes. Amongst 
the cluster population, the particles with 60 carbon 
atoms were the most stable species and the researchers 
concluded that these species are structured like a trun- 
cated icosahedron - often compared to the geometry of 
a black and white soccer ball. Fullerenes are now known 
as a class of carbon based molecules in the shape of a 
hollow sphere or ellipsoid. Fullerenes can be formed very 
efficiently in laboratory ex periments, converting a f ew 
percent of graphite into Ceo (Kratsc hmer et aLlll990al lbh . 

As soon as they were discovered, it was suggested 
that their extreme stability, in particular against pho- 
todissocation, makes fullerenes ideally suited to survive 
the harsh radiation field in th e ISM, and thus c ould be 
widespread in the galaxy (e.g. IKroto et al.l[l985l ). Once 
injected into the ISM, they could contribute to inter- 
stellar extinction, heating, charge exchange with ions, 
and p rovide active surfaces for complex chemical reac - 
tions (jKroto fc Jural 119921 : IPoing fc Ehrenfreundl I1994D . 
They have also been suggested to be responsible for the 
dust-correlated excess in microwave background radia- 
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tion observed in some molecul ar clouds (jWatson et al.1 
[20051 : IIglesias-Grothl[2n?)l [2006Tl . 

Recently, we have detected and identified the vibra- 
tional modes of the fullerene species Ceo and C70 in the 
Spitz erTRS spectrum of the young planetary nebula 
Tc 1 (jCami et al.ll2010L Paper I hereafter). Ceo has now 
been detected in many more evolved stars: a handful o f 
PNe in the Milky Way (iGarcia-Hernandez et aD I2010T) 
and t he Magellanic Clouds ([Garcfa-Hernandez et al.l 
1201 lal): in the protoplan etary nebula IRAS 01005+7910 
(| Zhang fc Kwokl l2011f) : in the post-AGB stars 
HD 52961, I RAS 06338+5333 rtGielen et al.l [2TTT1 
and HR 4049 ([Roberts et al.l 12012ft: in the surround- 
ings of a few R Cor Bor sta rs ([Clayton et al.1 120111 : 
iGarcia-Hernandez et al.l 1201 lbf) and i n the peculiar 
binary object XX Qph ([Evans et all I2012D . These 
detections suggest that fullerenes are formed by the 
complex, rich circumstellar chemistry that occurs in 
the short transition phase from AGB star towards PN 
(Paper I, Zhang fc Kwokl 120111 ). or more generally in 
the circumstellar environments of carbon-rich evolved 
stars. However, it is not clear how the fullerenes 
form. Proposed mechanisms include the formation in 
hydrogen-poor environments; photo-chemical processing 
of Hydrogenated Amorphous Carbon (a-C:H or HAC) 
grains; high temperature formation in carbon- rich 
environments or the formation of fullerenes from the 
destruction of PAHs. 

The IR Ceo bands have also been seen in the interstel- 
lar medium and in young stellar ob jects. Following their 
earlier suggestions (jSellgren et al.l [20071 ). iSellgren et al.l 
(|2010ft confirmed the presence of Ceo in the reflection 
nebulae NGC 7023 and NGC 2023, and showed that in 
NGC7023, the fullerenes emision comes from a differ- 
ent location than that of the Polycycli c Arom atic Hy- 
drocarbon (PAH) bands. iRubin et all ([20111 ) further- 
more report the detection of Ceo in the Orion nebula, 
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and iRoberts et all (|2012l ) found the Ceo bands in a few 
young stellar objects and a Herbig Ae/Be star. These de- 
tections show that fullerenes can survive the conditions 
in the ISM and become incorporated into the regions 
around young stars and, possibly, planetary systems. 

A key question in the studies of fullerenes in astro- 
physical environments is what drives the excitation of 
these species. This is fundamentally important, since 
it determines how the fullerene bands can be used to 
probe the physical conditions of the environment in 
which they reside. While the presence of circumstcllar 
and interstellar fullerenes is now firmly established, many 
questions about t heir excitation mechanism remain (see 
iCami et al.l 1201 ll for a review). Three different mech- 
anisms have been considered. In Paper I, we showed 
that the relative strength of the Cgo and C70 bands 
in Tc 1 are consistent with a thermal distribution over 
the excited states. Such an excitation mechanism could 
be understood if the fullerenes are not free gas-phase 
species, but are instead in the solid state or attached 
to dust grains. Such a solid state origin could also ex- 
plain the lack of anharmonicities in the ba nd profiles and 
the ap pare nt lack of ionized fuller enes. iSellgren et al.l 
(|2010f l and iBerne fc Tielensl (|2012t ) on the other hand 
assume that the fullerene emission originates from IR 
fluorescence of isolated free molecules in the gas phase. 
They compare the band ratios of the 7.0 /im/18.9/^m 
fullerene bands in their observations to Monte Carlo sim- 
ulations for stochastic heating and fluorescent cooling, 
and find agreement for one object but not the other 
(|Sellgren et al.ll2010f ). The third mechanism is based on 
chemical excitatio n, and involves H atom r ecombination 
in HAC materials (jDulev fc Williams!l201li) . 

In spite of clear spectral differences resulting from both 
mechanisms (see § |4} , there is no clear consensus yet on 
the precise mechanism that operates in the astrophysical 
environments where fullerenes reside, and observational 
support for either mechanism can be found. In several 
cases where the 17.4 and 18.9 fim bands are detected, the 
7.0 and 8.5 (im bands are very weak or absent, and this 
is hard to understand when considering fluorescence. On 
the other hand, little variation has been reported in the 
relative band strengths of the 17.4 and 18.9 ^m bands, 
which is hard to understand in the framework of thermal 
models. 

Two contributing factors have hampered progress 
in determining the excitation mechanism. First, most 
observations that exhibit the fullerene bands are 
strongly affected by PAH emission, which makes a 
good determination of the fullerene band strengths 
very difficult at best. Second, there is a large scatter 
in the existing literature about what are the intrinsic 
band strengths of the fullerene bands. Consequently, 
the measured observational values could lead to quite 
different conclusions depending on what intrinsic values 
are used. 

In this paper we analyze and compare the Spitzer-IRS 
spectra of three PNe exhibiting clear and strong emis- 
sion of circumstellar fullerenes. Two of these PNe, Tel 
and SMP SMC 16, have been published in the liter- 
ature, while the mid-IR spectrum of the third object, 
SMP LMC 56, is presented here for the first time. The 
three PNe are ideally suited to study the excitation mech- 
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Figure 1. Observed Spitzer-IRS spectrum of Tel (divided by 20), 
SMP LMC 56, and SMP SMC 16. The dashed line indicates the 
adopted dust continuum, and the green dots the anchor points used 
to define it. 

anism of circumstcllar fullerenes: there is no discernible 
PAH emission present that could have a big contaminat- 
ing influence on the fullerene band strengths; the relative 
strength of the fine-structure lines furthermore indicates 
that the overall excitation conditions in the three neb- 
ulae are different; and we have some additional spatial 
information for one object (Tc 1). At the same time, the 
three spectra offer intriguing clues about the formation 
of circumstcllar fullerenes. 

This paper is organized as follows. In Sect. [2] we de- 
scribe the observations and data reduction steps. Sect. [3] 
summarizes what we know about the conditions in the 
three objects. In Sect. IH we investigate the excita- 
tion process by comparing the observed fullerene band 
strengths to thermal and fluorescence models using dif- 
ferent literature sources for the intrinsic band strengths. 
We discuss the formation of fullerenes in Sect. [5] 

2. DATA & MEASUREMENTS 
2.1. Observations 

The observations presented he re were carried out by 
the Infrared Spectrograph (IRS, iHouck et al.1 l2004f) on 
board the Spitzer Space Telescope (SST. IWerner et al.l 
120041). The mid-IR spectrum of Tel was published 
bv lPerea-Calderon et al.l (|2009t) and our group (Paper I) 
and consists of observations at high resolution cover- 
ing the 10-36 fim range (using the short-high (SH) and 
long-high (LH) modules) as well as observations using 
the short-low (SL) and long-low (LL) modules cover- 
ing the wavelength range between 5.4-36 /im at a vari- 
able resolution of 60-1 20. SMP SMC 16 was part o f 
the sample presented bv lGarcia-Hernandez et al.l (|2011a|) 
but we have re-extracted its spectrum with our method 
for consistency. The spectrum of SMP LMC 56 is ob- 
tained from the Spitzer Archive (AOR key = 22423808, 
PID=40159, PI: A.G.G.M. Tielens). Both SMP LMC 56 
and SMC SMC 16 were observed at low resolution only 
using the SL and LL modules. 

The data were processed using version S18.7 of the 
Spitzer Science Center's pipeline and, for SMP LMC 56 
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and SMP SMC16, using the new optimal extraction algo- 
rithm in Smar^ (|Higdon et all 120041: iLebouteiller et all 
120101) . The extraction procedures for these two ob- 
jects follow those of o ur earlier papers (Paper I; 
IBernard-Salas et al.|[2009t) ; we summarize the main steps 
below. 

The data reduction started from the basic calibrated 
data products (bed). First, rogue or unstable pixels were 
removed and replaced using the irsclean toofl Then the 
different cycles were combined for a given module and 
order. To remove the background, the nod positions for 
a given module and order combination where subtracted 
from each other. There seems to be some extended emis- 
sion in SMP LMC 56 around 33 /jm in the LL1 module 
which could affect the [S III] 33.4 /im line. Similarly, this 
spectrum also shows a slight difference in the absolute 
flux between nodi and nod2 in the LL modules (~12%). 
None of these affect in any way the conclusions of the 
paper. The final step is to extract the differenced im- 
ages. Both objects are a point source for the Spitzer-IRS 
beam and thus we used the optimal extraction algorithm 
implemented in Smart. After optimal extraction, any re- 
maining glitches that may have prevailed from the previ- 
ous steps were removed manually. Finally, the two nods 
were combined to increase the signal-to-noise. No scaling 
was needed between the modules. The resulting spectra 
are shown in Figure [TJ 

2.2. The spectra 

To aid further discussions, we provide a brief descrip- 
tion here of the different features in the spectra. As can 
be seen from Fig. [fl the spectra of Tel, SMP LMC 56, 
and SMP SMC 16 reveal the same overall shape: a strong 
rising dust continuum on which many emission features 
are superposed. Some of these are better seen in Fig. [5] 
where we show continuum subtracted, as well as normal- 
ized, spectra. 

The spectra exhibit many low excitation fine-structure 
lines. These show up clearly as narrow lines in the high 
resolution part of the spectrum of Tc 1 (A > 10 /xm) 
which makes it straightforward to distinguish them from 
other spectral features. In the low-resolution observa- 
tions, the much larger line width makes it harder to sep- 
arate the fine-structure lines from other bands. The most 
prominent lines are [Ar II] (6.99 /xm), [Ar III] (8.99 /xm), 
[Ne II] (12.81 /xm), [Ne III] (15.55 /xm) and [S III] (18.7 
/xm). A weak [S IV] line at 10.51 /xm is present as well. 
In Tc 1, the [S III] line at 18.7/xm is perched on top of 
the much broader Cgo band. In the low-resolution spec- 
tra of SMP LMC 56 and SMP SMC 16, the presence of 
the [S III] can be inferred from band asymmetries (sec 
Appendix). We note that the 34.8 /xm line of [S III] in 
SMP LMC 56 is contaminated by the extended emission 
mentioned in §2.1, and we cannot determine how much 
of it originates from the actual source. 

These spectra furthermore clearly show fullerene emis- 
sion bands, and it is remarkable how similar the relative 
strength of the fullerene bands are in these three PNe 
(Fig. 2 top). There is little to no contamination by PAH 

5 Smart can be download ed from this web site 
|http: / /ssc. spitzcr.caltcch.edu/archanaly/contributed/smart/index. html 



^ This tool is available from the SSC web site: 
http: / / ssc.spitzcr.caltcch.edu 



features, and thus these three objects represent some of 
the clearest detections of fullerenes. Most notable are 
the strong and broad Cgo bands at 7.0, 8.5, 17.4 and 
18.9 /xm. Tel furthermore also exhibits weaker features 
at 12.7, 14.8, 15.6 and 21.8 /xm that are attributed to 
C70 (Paper I); C70 also contributes (~ 10% of the total 
power) to the 17.4 and 18.9 /xm bands. These features 
could be present in the spectrum of SMP LMC 56, but 
seem absent in SMP SMC 16. 

Individually, the spectra show little evidence for the 
presence of PAHs, which are typically seen in carbon- rich 
PNe. However, the three spectra do show a weak bump 
at 11.3 /xm; emission at these wavelengths is generally 
attributed to PAHs. SMP LMC 56 also shows a feature 
near 12.7 /xm where another PAH band is commonly seen; 
however, in our case, this feature may be due to C70. 
Other PAH bands are not easily identified. Notably ab- 
sent is the usually strong 7.7 /xm PAH band. There is a 
very weak bump near 6.2 /xm in Tel and SMP LMC 56, 
which is not clear or present in SMP SMC 16 while any 
possible 8.6 /xm PAH emission will be blended with the 
Ceo feature. 

Very striking in the spectra of all three PNe are the 
broad emission plateaus between 6-9 /xm and between 
10-13 /xm. Similar plateaus in these spectral regions 
have been attributed to modes of alkanc and alkene 
groups on the p eriphery of polycy clic aromatic systems 
in proto-PNe bv lKwok et all (|2001l ). The 6-9 /xm plateau 
is seen in very few other PNe and could thus well 
be related to the fullerene for mation process. In fact, 
iGarcia-Hernandez et al.l (|2010l ) hypothesize that these 
features are due to HACs, and that fullerenes are formed 
from the decomposition of these HAC grains. We discuss 
this further in §5. In this paper we use the term HAC 
in its broader sense to include the whole family of these 
materials (e.g. petroleum, coals, quenched carbonaceous 
composite a-C:H, a-C, etcetera). 

The 6-9 /xm plateau reveals some substructure as well. 
This substructure is present in both nod positions, and 
in each of the three objects confirming that these are real 
spectral features. Tc 1 and SMP LMC 56 have features 
at 6.49 and 6.65 /xm. These are a lso observed in a few 
post-AGB stars (|Gielen et al.ll201ll ). In addition, there is 
a fairly broad feature between roughly 7.35 and 7.85 /xm 
best seen in SMP SMC 16 and SMP LMC 56. The width 
of the feature is about the same as that of the Ceo bands. 
It is interesting to note that 7.5 /xm is about the wave - 
lcngth where a C^~ band is expected (jFulara et al.lll993l ) . 
Tel and SMP LMC 56 also show a small peak at about 
7.48 /xm, most likely due to the H I recombination line. 
Finally, SMP LMC 56 and SMP SMC 16 show a feature 
at 8.15 /xm which is not present in Tel. 

The plateau emission in the 10-13 /xm region is quite 
strong in Tc 1 and SMP SMC 16, and weaker in 
SMP LMC 56. A 10-13 /x m emission plateau is also 
observed towards other PNe (|Bernard-Salas et al.ll2009T) 
and is generally attributed to SiC (jSpeck et all I2005L 
120091 ). However, the profile of the plateau in our three 
PNe is quite different from those PNe, and suggests that 
here, a different carrier might be responsible. 

In all three sources, we also detect the so-called 30 /xm 
J feature that is commonly seen in carbon-rich PNe. This 
feature is often attribute d to MgS (|Honv et al.l 120021 : 
IBernard-Salas et all 120091 ) , but could also have a car- 
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Figure 2. Top panel: Continuum subtracted spectra of the 5-24 (im region normalized to the peak of the 18.9 lira feature. Atomic fine- 
structure lines in Tc 1 are shown as dotted lines. Bottom panel: Spectra normalized to the 20 /an continuum flux. As can be seen the 
three PNe have very similar continuum emission. 
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Figure 3. The spatial distribution of different dust components 
in Tel along the SL slit. The point spread function (PSF) is shown 
for reference. The central star is located at pixel 64. All compo- 
nents are extended; but whereas the dust continuum emission is 
roughly centered on the star, the fullerene emission peaks 2-3 pix- 
els away (to the right in this figure) from the central star. The 
11.2 fim feature peaks about a pixels away from the central star on 
the other side of the fullerene emission. 

bonaceous origin (e.g- IVolk etmi20H . Finally, SMC 
SMC 16 shows an asymmetric feature that peaks at 
14.5 /mi; it is not clear what the origin is of this feature. 

2.3. Flux Measurements 

Detail information on how the different features (con- 
tinuum, atomic lines, fullerene bands) were measured is 
given in the Appendix, and these values are listed in Ta- 
ble 1. 

For what follows, the most important quantities are the 
flux ratios of the different Cgo bands. We have included 
in Table Q] the band ratios normalized to the 18.9 /im 
band. It is immediately clear that the derived F(8.5 /im) 
/ F(18.9 /im) ratios are very similar, and are in fact com- 
patible with a constant ratio equal to the weighted mean 
value of 0.29 ± 0.02. The F(17.4/xm) / F(18.9/tm) ratio 
shows a somewhat larger spread but also larger uncer- 
tainties. The weighted mean value is 0.50 ± 0.06, and all 
measurements are thus consistent with a constant value. 
For the ratios involving the 7 /im band, there is a much 
larger spread in the resulting band ratios which stems 
to a large degree from the difficulties in determining the 
contribution of the [Ar II] line to the 7 /tm emission. The 
weighted mean ratio is 1.22 ±0.22, and given the uncer- 
tainties, it is not clear whether any real variations are 
present. 

In Table 1 we furthermore list the fluxes of the [Nc II] 
(12.8 /tm) and [Ne III] (15.5 /tm), fine-structure lines that 
will be of importance later on. 

2.4. Spatial distribution 



Because of its proximity and size (~9"), we can study 
the spatial distribution of several emission components 
in Tc 1 relative to the position of the central star in the 
SL slit (1.8" per pixel in the spatial direction, Figure 3); 
unfortunately, this is not possible for the high-resolution 
observations nor for the much more distant SMP SMC 16 
and SMP LMC 56. We mapped the distribution of the 
thermally emitting dust by using the flux at 9.46 /tm. 
From Fig. 3, it is clear that the dust emission is ex- 
tended and centered on the central star. The same holds 
true for the flux at 12 /tm, which traces the dust con- 
tinuum in addition to the broad 10-13 /tm plateau (see 
Fig- 121) ■ The emission in the 8.5 /tm fullerene band and in 
the weak 11.2 /im feature is even more extended. How- 
ever, in both cases, the emission is displaced from the 
central star and the two different components peak at 
opposite direction from the central star. This is reminis- 
cent o f the reflection nebu lae N GC 7023 and NGC 2 023 
where iSellgren et all (|2010f ) and lPeeters et al.l (|2012D re- 
ported a similar spatial separation in the distribution of 
fullerene and PAH emission. The 2-3 pixel displacement 
of the fullerene emission corresp onds to 6400-9700 A U 
at the distance of Tc 1 (1.8 kpc, iPottasch et"aT1l2011| ). 

3. NEBULAR CONDITIONS 

As hinted at by their spectroscopic resemblance, Tel, 
SMP LMC 56, and SMP SMC 16 share some physical 
properties. The observed line emission is dominated by 
low excitation lines, typical a of low excitation PNe. 
The dust emissions starts to rise <5 /tm indicating the 
presence of a hot dust component. This continuum 
emission is typical and simil ar to other young PNe like 
NGC7027 and BD+30 3 639 (IBernard-Salas et al.l [20031 ; 
iBerna rd-Sala s fe Tielensl I2005T T Further evidence for a 
young age is the fact that Tel and SMP SMC 16 are 
relatively compact objects. Furthermore, the effective 
temperatures (T e ff) of the central stars are low. Tel 
has aLff of 34 700 K and SMP SMC 16 of 37 000 K 
(iDopita fc Meatheringhaml 1199 It IPottasch et""aH 120111) . 
IVillaver et al.1 ()2003l ) notethat the Zanstra temperature 
in SMP LMC 56 is low (45 900 and 29 000 K for He II and 
H I respectively) , and places the obje ct in the early stages 
of the Helium burning tracks of iVassiliadis fc Woodl 
(fl99l . again indicating that it is young. The electro n 
temperatures are: 9 000K for Tel (jPottasch et al.ll2011l) . 
~13 100 K and 11 800 for SMP LMC 56 SMP SMC 16 re- 
spectively (|Leisv fc Dennefel d 2006). These are are not 
very high when compared to other PNe in thei r host 
galaxies (see e.g. sampl es by fStanghcl lini et all 120071 : 
IBernard-Salas et all 12009] ) . 

Tel and SMP SMC 16 are carbon-rich, with high 
C/O rati os of 1.4 and 2.1 respectively (from abun- 
dances bv IPottasch et aTl l2011t iSt anghellini et "all 120091: 
iLeisv fc Dennefeld! I2006h There are no carbon abun- 
dances available in the literature for SMP LMC 56 but 
its mid-IR spectral characteristics are clearly that of 
a carbon-rich environment (e.g. presence of fullerenes, 
30 /tm feature). As it has been suggested before, these 
conditions (young, carbon-rich, low excitation) appears 
to favor the formation of fullerenes. 

Although the conditions in the three PNe are quite 
similar, they are not the same. In particular, the ob- 
served line emission suggests that the overall excitation 
conditions are somewhat different. This follows from the 
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Table 1 

Flux Measurements - all numbers in W/m 2 
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F(17.4/xm)/F(18.9/tm) 0.47 ± 0.06 0.72 ± 0.29 0.68 ± 0.18 

F(8.5/tm)/F(18.9/tm) 0.29 ± 0.02 0.36 ± 0.09 0.26 ± 0.05 

F(7.0/tm)/F(18.9/xm) 1.31 ± 0.28 0.80 ± 0.42 1.74 ± 0.63 



3 From integrating over the entire band. 

b From fitting the observations with two Gaussian profiles and a linear 
baseline. 

c Estimate from Paper I. 

d Mainly due to misspossitioning continuum. 

c For Tc 1: the [P III] line and a weaker line at 17.6 /im. 



[Ne III]/[Ne II] ratio which is an indicator for the strength 
of the radiation held and which changes significantly - 
from about 0.04 in Tc 1 to 0.22 in SMP SMC 16 and 
even 0.86 in SMP LMC 56. 

4. THE EXCITATION OF CIRCUMSTELLAR FULLERENES 
4.1. Thermal and fluorescence models 

We start our analysis from the intrinsic relative 
strengths for the Ceo bands. The literature offers 
quite a few sources where band strengths have been ob- 
tained theoretically or experimentally, and there is a fair 
amount of disagreement in the relative strengths of the 
Ceo bands. Here, we haye chosen four different liter a- 
ture sources dChase et al.lH9 92; Fabian 1996; iChoi et~aH 
I2000t llglesias-Groth et al.l 120111) from both theoretical 
and experimental results which together are fairly rep- 
resentative of the band strength differences found in the 
literature. The band strengths (relative to 18.9 /im band) 
are listed in Table [5J All sources agree that the 18.9 //m 
band is the strongest, and that the 8.5 ^m band is the 
weakest, but there is disagreement about the rest, with 
differences in the actual listed values of up to a factor 2.5 
(for the 17.4 /jm band). 

In the thermal models considered so far, the emitted 
power in each of the Cgo bands is proportional to the pop- 
ulation in the corresponding excited vibrational state, 
and this in turn is set by the temperature through the 



Boltzmann equation. These models thus assume that 
the emission is optically thin, and that emission from hot 
bands can be neglected. Certainly for high temperatures, 
this latter approximation is questionable. Thermal mod- 
els show that the strength of the 17.4 /im band (relative 
to the 18.9 /im band) changes significantly as a function 
of temperature for T < 500.&T, and furthermore that the 
7.0 and 8.4 /tm bands are weak or absent for T < 300A' 
(see Fig. [J). 

The starting point for IR fluorescence models on the 
other hand is the absorption of a single UV photon of en- 
ergy ip that results in an electronic transition. On ultra- 
short timescales, the absorbed energy is redistributed 
over the vibrational modes, which causes the molecule to 
relax back into the electronic ground state, but leaves it 
in highly excited vibrational states. The molecule then 
cools by emitting IR photons as it cascades down the 
energy ladder. The resulting IR spectrum can be cal- 
culated in different ways; we follow the approach that 
is u sed for calculating the IR fluorescence of PAHs (see 
e.g. lAllamandola et all Il989t Id'Hendecourt etall Il989t 
iBakes et all 120011: iBauschlicher et all 120101) . The re- 
sulting model spectra are equivalent to those obtained 
e.g. by a Monte Carlo method (jJoblin et al.l 120021 : 
iSellgren et all 120101 ) . Fluorescence models result in a 
nearly constant F(17.4/tm)/F(18.9/im) band strength 
ratio, even for photon energies as low as 1 cV; for rc- 
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Figure 4. This figure shows how the relative strengths of the C60 bands changes as a function of temperature for thermal models (top) 
and as a funct ion of the average absorbed photon energy for IR fluorescence models (bottom). In all cases, we used the intrinsic band 
strengths from lChoi et al.l 1120001 ), and distributed the total power over Gaussian profiles whose width is set by the resolution (taken to be 
R = 90). All figures are normalized to the peak emission in the 18.9 /an band. Note that in the observations presented here, the bands 
at 17.4 and and 18.9 fim are much broader than the instrumental resolution and thus these figures cannot be directly compared to the 
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Table 2 

Intrinsic and observational values for the band strengths 
relative to the Ti u (l) band at 18.9 ^tm; derived 
temperature ranges and ranges in photon energies. 





Ti u (2) T lu (3) 


Ti„(4) 




(17.4 /im) (8.5 Atm) 


(7.0 /im) 


RELATIVE BAND STRENGTH 




Intrinsic (literature) 






Choi 


0.26 0.31 


0.46 


Chase 


0.34 0.28 


0.34 


Fabian 


0.48 0.45 


0.38 


Iglcsias-Groth 


0.66 0.30 


0.50 


Observational (mean) 


0.50 0.29 


1.22 


±0.06 ±0.02 


±0.22 


DERIVED PARAMETERS 




Thermal Models: 1 a 


temperature ranges (K) 




Choi 


370-390 


585-700 


Chase 


385-405 


680-840 


Fabian 


200-630 320-340 


645-785 


Iglcsias-Groth 


105-165 375-395 


565-670 


Fluorescence Models: 


1 a photon energies (eV) 




Choi 


2.7-3.3 


11.7-22.8 


Chase 


3.0-3.7 


19.0-44.9 


Fabian 


0.1-50 1.6-2.0 


15.9-34.6 


Iglcsias-Groth 


2.8-3.4 


9.9-18.5 



alistic values of (p (5-10 eV), the 7.0 and 8.5 /zm bands 
are furthermore fairly strong compared to 18.9 /zm band 

(s ee Fig. LI. 

iDulev fc Williams! (|2011f ) proposed that HAC particles 
can be heated by the recombination of trapped (physi- 
sorbed) H atoms with dangling bonds in the HAC struc- 
ture. The release of chemical energy upon bond forma- 
tion heats the dust and provides an additional means 
of exciting the UIR bands. Given that the HAC/a-C:H 
dust in these regions is rather warm ( 100-150 K), any 
interstitial H atoms may not be retained within the ma- 
terial. In the following section we consider the thermal 
and fluorescence mechanisms. 



4.2. Models 



observations 



For each set of intrinsic band strengths listed in Ta- 
ble [2j we have calculated thermal models (for tempera- 
tures between 50 K and 1000 K) and fluorescence models 
(for photon energies between 1 and 15 eV) and calculated 
the band strength ratios for each of those models. Fig. [5] 
shows the locus of expected strengths of the 8.5 /im and 
17.4 /im bands (normalized to the 18.9 /im band) for all 
models, and compares these to the observed values for 
all three PNe (and their weighted mean). Since the low- 
est point on the thermal model curves in the diagram 
corresponds to 300 K, there is little variation left in the 
17.4/im band strength for higher temperatures, and the 
thermal and fluorescence models almost overlap. Based 
on the strength of the 17.4 /xm band, it would thus be 
impossible to differentiate between thermal and fluores- 
cence models for this range of parameters. Note also how 
far apart the four different sets of models are, resulting 
from the very different intrinsic strengths of the 17.4 /xm 
band in the four sets. 

The 8.5 /im band has more diagnostic power. From 
Fig. [5] it is clear that already at unrealistically low pho- 
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Figure 5. A diagnostic plot showing measurements and differ- 
ent model values for the total flux in the 8.5 (im band and the 
flux in the 17.4 /an band (both normalized to the 18.9 fim band). 
Each pair of curves corresponds to a different source of C60 band 
strengths. The right hand curve for each pair corresponds to the 
band ratios for thermal models. The diamond plot symbols corre- 
spond to temperature increments of 100 K, and a low and a high 
temperature value is indicated on each curve. The left hand curves 
are model values for IR fluorescence. The crosses correspond to in- 
crements in the average absorbed photon energy of 1 eV. For each 
curve, the 1 eV and 15 eV models are indicated. We also show the 
measured band ratios for each of our three PNe, and the weighted 
mean value of the band ratios. The dotted lines indicate the la- 
confidence intervals for the mean values. 




0.6 

F(17.4um) / F(18.9|lm) 



Figure 6. Same as Fig. [5] but for the 7.0 fiva band instead of the 
8.5 /im band. 

ton energies of 1 eV (the lowest point on the curves), 
the fluorescence models predict a band at 8.5 /im that is 
about 10-20% of the 18.9 /im band. For more reasonable 
values of the absorbed energy (5-10 eV), the 8.5 /im band 
should be about 40-60% of the 18.9 /im flux. However, 
the measured ratio is 0.29 ± 0.02 which then implies a 
low photon energy (ip w 3 eV). In fact, for Tc 1 (and the 
weighted mean value) , we can exclude excitation by 5 eV 
photons at the 5a (or better) confidence level, indepen- 
dently of the chosen source of intrinsic band strengths. 
Such low photon energies would be very hard to under- 
stand since it would imply that the fullerenes do not get 
excited through their strong electronic transitions at UV 
wavelengths in spite of a strong radiation field. Since 
this result holds for all sources of intrinsic strength, and 
since the 8.5 /mi band strength is well determined (i.e. 
it is not possible that we miss a large fraction of the flux 
in this band), the 8.5 /im band strength thus excludes 
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quite strongly the possibility that the observed fullerene 
emission is due to fluorescence by isolated molecules in 
the gas phase. Note that for the 7.0 /xm band (Fig. [6]), 
the same conclusion holds, but then for opposite reasons: 
explaining the observed 7.0 /mi band strength requires 
unreasonably high energies for the exciting photons. 

Thermal models on the other hand require a tem- 
perature in the range 300-400 K to explain the 8.5 /mi 
band strength which at first sounds reasonable. How- 
ever, since the relative strength of the 8.5 /mi band is 
nearly the same in all three objects, this implies that 
also the fullerene temperatures are nearly exactly the 
same in all three sources; this would be either very coin- 
cidental, or an important factor in explaining the pres- 
ence of fullcrenes. Furthermore, the observed 7.0 /im flux 
is much higher than would be expected for thermal exci- 
tation, and this holds for all sources of band strength. 
Thus, the observations are only consistent with ther- 
mal models if the 7.0 /mi band would be primarily due 
to [Ar II] and only a small fraction of the 7.0 /tm flux 
could be attributed t o Cro- I n suc h a case, the intrin- 
sic strengths listed bv iFabianl (|1996l ) are fully consistent 
with the observations (which were the values we used 
in Paper I). However, we do not believe this to be the 
case (see Appendix) - most of the 7.0 /xm seems to be 
originating from Ceo- Thus, we have to conclude that 
neither thermal nor fluorescence models can explain the 
observations completely. 

4.3. Discussion 

In spite of the difficulties in reconciling the observa- 
tions with models, the three spectra presented here of- 
fer important clues to the excitation mechanism. An 
important ingredient in understanding the excitation of 
fullerenes in our sources is the spatial distribution of 
some of the spectral components in Tc 1 (Sect. 12.41 and 
Fig. As we discussed, the Cgo emission peaks at a dis- 
tance of about 8000 AU from the central star. Given the 
central star's effective temperature of T c g 30, 000 K, 
classical "graphitic" dust in equilibrium with the ra- 
diation field would be very cold, with temperatures of 
only 20-25 K. However, we find that hydrogen-rich HAC 
nanoparticles can be maintained at temperatures of 100- 
150 K at distances of 3000 to 10 000 AU because of their 
low emissivities at far-infrared wavelengths. This is still 
not sufficient to heat the fullerenes to the required ther- 
mal temperatures of ~300 K. The spatial information 
thus rules out thermal emission, and favours fluorescence. 
For fluorescence, the average photon energy ip absorbed 
by the molecules is a function of the local radiation field 
and the absorption cross section of the molecule; this 
then quite naturally explains why the fullerene band 
strengths are so similar in the three objects since their 
central stars have comparable effective temperatures and 
thus the average absorbed photon energy is very similar 
as well; for thermal models such a coincidence would re- 
quired fine-tuned conditions in all three PNe. 

However, as we discussed above, the observations are 
not consistent with models for fluorescent IR emission 
either: for realistic energies, all models for fluorescence 
predict a much stronger 8.5 /tm band and a much weaker 
7.0 /im band (all relative to the 18.9 /tm band) than is 
observed, and this is the case for all sources of intrin- 
sic band strength. Note that the normalization to the 



18.9 /tm band in itself is not the issue either - if the 
18.9 /tm band would be weaker than we measure, this 
could conceivably bring the 8.5 /tm band flux in agree- 
ment with models, but then the problem with the 7.0 /tm 
band would even be worse. 

Since it is clear that we are not seeing emission from 
isolated, free Cgo molecules, an obvious first question is 
whether we're maybe seeing emission from fullerene clus- 
ters or nano-crystals. Such entities that are larger than 
single molecules could still undergo single-photon heating 
and IR fluorescence through the same vibrational modes, 
but their larger heat capacity would result in different 
band ratios - with lower fluxes at shorter wavelengths. 
This could possibly explain the discrepancy for the 8.5 
/tm band, but not for the 7.0 /im band, where the prob- 
lem would be even bigger. 

It is instructive to look at the issue starting from the 
8.5 /tm band, since this band does not seem contami- 
nated by other emission components. The problem is 
then that both the observed 18.9 /tm and the 7.0 /tm 
bands are too strong to be explained by fluorescence 
of free isolated Ceo molecules. This then indicates that 
other materials are contributing to the 7.0 and 18.9 /<m 
band. For the 18.9 /tm band we have already identified 
one contributor: C70. Given the strength of the other 
C70 bands in the same wavelength range (for Tc 1), it 
seems unlikely though that we severely underestimate 
its contribution to the 18.9 /tm band; to explain the dis- 
crepancies, we would require roughly four times more 
C70 than we have currently estimated. For the 7.0 /tm 
band on the other hand, we have not considered a pos- 
sible contribution of C70 yet. The intrinsically strongest 
C70 band occurs indeed near 7.0 /tm. When using ther- 
mal models at the fairly low temperatures we derived in 
paper I, the transitions at the shorter wavelengths are 
suppressed significantly, to the point where this band 
becomes unmeasurably weak. When using fluorescence 
models however, this is not the case, and based on the 
intrinsic strength of the band, it could well be responsi- 
ble for a large fraction of the observed discrepancy. Note 
that C70 still has other features at wavelengths between 
5-10 /tm that should then be reconsidered in the frame- 
work of fluorescence, and it is not clear whether attribut- 
ing the 7.0 /im flux to C70 is consistent with the expected 
strengths of these features. 

5. HACS AND THE FORMATION OF FULLERENES 

The three spectra we present here also offer intriguing 
clues to the formation of circumstcllar fullerenes. Indeed, 
as we discussed in Sect. HJ the three PNe share other 
notable spectral features in addition to the fullerene 
bands. Of particular importance for the discussion on 
fullerene formation mechanisms are the plateaus. Sev- 
eral formation routes are possible in the laboratory or 
have been proposed, including: 1) lo w-temperature for - 
mation in the absence of hydrogen ([Kroto et allll985() ; 
2) high-temperature (T > 3000 K) formation in w hich 
case hydrogen may be present (pager eTaDHQQl); 3) 
photo-chemical processing of Hyd rogenated Amorphous 
Carbon ( TIAC. [Scott et all 11997ft : and 41 destr uction 
of PAHs (jCami et al.M2011t iBerne fc Tielensll20Tl . The 
plateaus are particularly interesting in this context since 
iStanghellini et all (|2007l) attribute the 6-9 /tm and 10- 
13 /tm broad features in their sample of PNe to unpro- 
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ccssed clusters o f small carbonaceous grai n s and /or large 
PAH clusters. iGarcia- Hcrnan dez et al.l (|2010T ) on the 
other hand propose that these are due to HACs, which 
they then suggest become photo-chemically processed to 
produce the fullcrcncs. 

In Fig. [7] we show the 6-14/xm IR spectra of Tel, 
SMP LMC 56 and SMP SMC 16 compared to the IR 
spectra of HAC/a-C:H particles with a radius of 3 nm at 
a temperature of 200 K and with varying atom hydro- 
gen fractions of 0.23, 0.29 and 0.35; this is equival ent to 
band gaps of 1.0, 1.25 and 1.5 eV, respectively (jJonesI 
I2012d ). The spectra of these particles are d ominated by 
aliphatic and aromatic CC and CH bands ( Kwo k~et al.l 
l200l IBuss et alJ[l990h . As shown by Uonesl (l2012bH cF 
these materials appear to also contain few olefinic bands. 
The overlapping of the aliphatic, aromatic, and olefinic 
bands results in a plateau-like region underlying the Cgo 
7.0 and 8.5 /im bands and also in bands in the 11-13 /im 
plateau regior£]. We note that the shape of the contin- 
uum matches the observed 6 to 9/im plateau emission 
under the fullcrcne bands and the atomic lines rather 
well in these continuum-subtracted spectra. These spec- 
tral bands, underlying the fullerene bands, appear to be 
rather invariant from source to source, suggesting that 
the particles responsible for these plateaus are therefore 
small enough to be stochastically heated. However, there 
is a band at 6.5 /im in the observed spectra that we are 
unable to identify. 

The spectra of Tel, LMC56 and SMC16 appear to be 
consistent with these H-rich carbonaceous materials (H 
atomic fraction 0.35 — 0.47). Since exposure to UV ra- 
diation tends to reduce the hydrogen content of these 
HAC/a-C:H particles and aromatize the carbonaceous 
content, this indicates that the particles have not been 
long-exposed to a strong radiation field. In the diffuse 
ISM, where the dust is exposed to UV irradiation for 
millions of years, the small HAC/a-C:H particles are ex- 
pected to be H-poor, with an H ato m fraction of the 
order of only 0.05 (e.g., [Jonesl [2012a llbl) . Typical PAHs 
(i.e. meaning strictly pure aromatics) can be ruled out 
based on the presence of aliphatic bands in the 6-9 /im 
spectral region and the shape of the 11-13 /im plateau. 

One possible scenario that could therefore explain 
the particularity of the fullerene sources is that 
small carbonaceous HAC/a-C:H particles have recently 
emerged, either by being released from larger (coagu- 
lated/accreted) particles or by the ablation of matter 
from a denser medium, where the a-C:H materials were 
H-rich. Thus, the carbonaceous dust in these sources 
would appear to be rather young, in that it has not yet 
been exposed to stellar radiation for long enough for it 
to be significantly dehydrogenated and aromatized. This 
could be understood in the context of optically thick dust 
not allowing the UV radiation to penetrate until very 
recently, on its way to becoming optically thin. It is 
perhaps these conditions that are conducive to fullerene 
molecule formation by a top-down form ation from much 
large r, 3D carbonaceous particles (e.g., iMicelotta et al.l 
120121 ) rather than via the PAH-warping mechanism pro- 

7 Longwards of 10^m the strength of the bands are not well 
characterized. The comparison of the observations and models in 
this region remains qualitative, particularly in terms of the band 
strengths. 



posed by iBerne" fc Tielensl (I20H . 

As we saw in §3 the central stars of the three PNe have 
similar (low) effective temperatures (^30 000-45 000 K). 
So far, fullcrcncs have been detected in low excita- 
tion environments (e.g. proto-PNe, reflection nebulae, 
YSOs). The link with low excitation environments has 
been noted by Evans et al 2012 in t heir study of R 
Coronae Borealis stars. As discussed in IMicelotta et al.l 
(|2012f ). fullerene formation is not favored in very low 
T e f f sources because of the lack of sufficient UV photons 
to dehydrogenate and heat the dust. If it is too high how- 
ever, fullerenes may not be formed because H-rich car- 
bonaceous particles are destroyed before they can form 
fullcrcncs. Conversely, the fullcrcncs would be ionized in 
which case they have many more bands and their emis- 
sion will be diluted making them much more difficult to 
detect. It is important to note that not all low excitation 
PNe show fullerene emission and so, other factors may 
play a role in the formation/destruction of fullerenes. 

6. SUMMARY 

We have analyzed and compared the mid-IR spectrum 
of the three fullerene-rich PNe Tel, SMP SMC 16, and 
SMP LMC 56 to study the fullerene excitation conditions 
and formation mechanisms. The PNe are low excitation 
and carbon-rich nebulae with low electron temperature 
and thus are presumably young. While other factors may 
be involved, these conditions seem to favor fullerene for- 
mation. 

Spectroscopically, these unique PNe share many prop- 
erties: they show the strongest and clearest circumstel- 
lar fullerene bands (Ceo) detected so far while show- 
ing little to no evidence for PAH emission. In addi- 
tion, they all have strong broad bands in the 6-9 /jm 
and 10-13 /im range, a similar shape of the dust contin- 
uum emission, and emission of the so called 30 fxxa emis- 
sion feature. The observed fullerene band strengths in 
the three sources is fairly similar (within uncertainties) 
as well. However, the intensity of the radiation field in 
these objects (as inferred by the fine-structure line ra- 
tio [Ne III] 15.5 /im/[Ne II]12.8/im) varies by more than 
a factor 10. Furthermore, the spatial profile of differ- 
ent dust components in Tc 1 indicates that the fullerene 
emission (Ceo) peaks far away (6300-9700 AU) from the 
central source. All this is hard to reconcile with a ther- 
mal origin for the fullerene excitation, and thus favors 
fluorescence as the excitation mechanism. Fluorescence 
of free, isolated Ceo molecules would be consistent with 
the observed band ratios if fluorescent emission from C70 
contributes significantly to the 7.0 /im band. Additional 
emitting materials could also be present and this needs 
to be further investigated. 

It is likely that the observed broad bands at 6-9 and 
10-13 /im are related to the fullerene formation process. 
We present model spectra of HAC particles of 3 nm and 
show that these can reproduce the 6-9 /im band with 
some degree of success, which may imply that fullerenes 
are formed by photo-chemical processing of HAC. 

The detection of Ceo and of other unidentified features 
in these nebulae is very intriguing. Additional informa- 
tion and a larger sample are required to discern the mech- 
anisms that trigger fullerene formation, and set their im- 
portance and role in the ISM, but it seems that when 
the conditions are met, PNe can be important sources of 
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Figure 7. The continuum-subtracted spectra of the fullcrcne sources (Tel, LMC56 and SMC 16, black, blue and red lines, respectively 
compared to the absorption coefficient, Q a b s multiplied by a black body, B\(T), at T = 200 K, for 3nm a-C:H particles with atom hydrogen 
fractions of 0.23 (dark-grey), 0.29 (mid-grey) and 0.35 (light-grey, Jones 2012c). The vertical orange lines indicate the central positions of 
the fullerene bands (solid), gas phase ionic (dashed) and hydrogen lines (dotted). 

fullerenes. 
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APPENDIX 
Al. FLUX MEASUREMENTS 

We characterized the dust continuum by fitting a cubic spline through anchor points free of emission features along 
the spectrum of each source (see Figure 1). We have not attempted to define the continuum beyond ^25 /im because 
this position marks approximately the onset of the 30 (im feature, which usually extends beyond 40 /im. We quantified 
the amount of dust emission in each source by integrating the dust continua from 5-25 /jm (see Tabled]). We then 
measured the fluxes in the fullcrcne bands and estimated the associated uncertainties in the following way. 

In the high-resolution spectrum of Tc 1, the strong [S III] line at 18.7 (im is much narrower than the broad fullerene 
emission band, and it is thus straightforward to determine its contribution to the flux in the emission band. The 
fullerene flux can thus be measured by simply integrating over the entire band and subtracting this [S III] contribution. 
The nominal uncertainty on the flux value obtained in this way is of the order of a percent. However, we feel that 
there is a larger source of uncertainty that originates from the positioning of the underlying continuum. To estimate 
this uncertainty, we fitted the observed band profile with three components: a broad Gaussian profile for the fullerene 
banc0, a narrow Gaussian profile for the [S III] line, and a linear baseline that extends well beyond the band on both 
sides. In our best fit model, the uncertainty in the flux contained in this linear baseline is about 15% of the flux 
contained in the broad Gaussian representing the fullerene band, and represents a much larger uncertainty on our flux 
measurements since it is not clear whether the flux in our baseline really belongs to the continuum, or to the fullerene 



As was noted already in Paper I, the 18.9 (im fullerene band is 



fairly symmetric, and can be well reproduced by a Gaussian profile. 
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band (which would imply the true fullerene band profile is not Gaussian) . Our best estimate for the fullerene flux thus 
includes half of the flux in this baseline. We note that we also expect C70 fullcrcnes to contribute to this band, and 
thus wc subtracted the estimated C70 contribution (see Paper I) to finally obtain the Cgo flux (see Table [lj. 

In the low-resolution observations of SMP SMC 16 and SMP LMC 56, the [S III] line does contribute to the 18.9 /an 
band, but it is much harder to separate from the fullerene band. Once again, we fitted the entire band using two 
Gaussian profiles and a linear baseline. This time though, we fixed the central wavelength of one component to the 
position of the [S III] line and its width to the instrumental resolution. Again, we can reproduce the observations quite 
well, and we follow the same approach as for Tc 1 to determine the fullerene flux and to estimate the uncertainty (see 
Table P. 

In the spectrum of Tc 1, the observed 17.4 /xm band is not as symmetric as the 18.9 (im band, and shows some clear 
structure in its profile. Furthermore, there is weak emission in the red wing of the band amongst others due to a 
[P III] line at 17.88 /xm, these however represent less than 10% of the total flux in the band. We still used a Gaussian 
fit to the band to estimate the uncertainty introduced by mispossitioning the continuum; but since the band profile is 
asymmetric, we used the total integrated flux over the band (minus the contaminants and minus half the baseline flux) 
rather than the flux in the Gaussian fit as the best estimate for the fullerene flux. As before, we used the flux in the 
baseline as our uncertainty estimate. For SMP SMC 16 and SMP LMC 56, we could not estimate the contribution of 
the contaminants; therefore, the actual fullerene flux values are probably slightly lower than what we listed in Table [TJ 
however, the contribution of these weak lines is probably smaller than the uncertainty on the flux value. 

The 8.5 /im band was only observed at low-resolution in all three sources. There are no clear contaminants, and in 
all three sources, the band can be well reproduced by a Gaussian profile (with possibly a small red wing asymmetry 
in the spectra of SMP SMC 16 and SMP LMC 56). For Tc 1, even the error introduced by continuum effects is very 
small; for the other sources, a slight red wing asymmetry is the largest source of uncertainty (of the order of 15%). 

As was noted in Paper I, the observed 7.0 /xm band in Tc 1 is a blend of Ceo emission and an unresolved [Ar II] 
line that occurs at nearly the same wavelength. Thus, it was not clear what fraction of the emission band was due 
to Ceo- Here, we tried the same approach as for the 18.9 /xm band in the low-resolution spectra of SMP SMC 16 and 
SMP LMC 56: we carried out a two-component Gauss fit, where the central wavelength of one component is fixed to 
the position of the [Ar II] line and its width to the spectral resolution. In this way, we find that for Tc 1, most of the 
7.0 /xm emission band is in fact due to fullerenes; only about 15% of the flux is due to the [Ar II] line. This a grees well 
with an estimate for the [Ar II] flux obtained from the following abundance argument. iPottasch et al.1 ()2011f ) compare 
Tc 1 to IC 418, and find that these two PNe are very similar in terms of excitation properties and physical conditions. 
However, while the ionic abundance of Ar ++ is the same for both objects, that of Ar + is 5.8 times higher in Tc 1 
than in IC 418. Clearly, the discrepancy arises from the fact that the 7.0 /jm flux was interpreted as pure [Ar II] 
emission and no contribution of Cgo was taken into account. This then implies that the flux measured in the 7.0 /xm 
band mostly originates from the fullerene band, and only about 1 /6 of the emission is originating from the [Ar II] line, 
consistent with our measurements above. For SMP SMC 16, we similarly find that the [Ar II] flux is about 15% of the 
total emission in the band; for SMP LMC 56 however, the best fit solution has no contribution of [Ar II] (see Table [I}. 
For this band, the uncertainty on the baseline is small, and the uncertainty on the flux values is dominated by the 
noise on the observations. 
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